
































them	 onto	 a	 brain	 atlas.	 Automated	 deep-phenotyping	 of	 a	 mutation	 in	 the	 master	 transcriptional	
regulator	fezf2	not	only	detects	all	known	phenotypes	but	also	uncovers	important	novel	neural	deficits	
that	were	overlooked	 in	 previous	 studies.	 In	 the	 telencephalon,	we	 show	 for	 the	 first	 time	 that	 fezf2	







of	 the	more	 than	 26,000	 genes	 in	 the	 vertebrate	 genome	 and	make	 these	 available	 to	 the	 scientific	
community	(Kettleborough	et	al.,	2013).	Additionally,	the	advent	of	next-generation	genome	editing	tools	
is	 enabling	 researchers	 to	 efficiently	 target	 virtually	 any	 genomic	 locus	 of	 interest	 for	 inactivation	 or	
precision	 alteration.	 These	 technologies,	 combined	 with	 prior	 large-scale	 mutagenesis	 screens,	 have	
created	rapidly	growing	publicly	available	collections	of	zebrafish	mutant	lines	that	are	in	need	of	detailed	










either	 by	 whole	 mount	 in	 situ	 hybridization	 (WISH)	 using	 riboprobes	 or	 by	 whole	 mount	
immunohistochemistry	using	antibodies.	Most	steps	of	WISH,	including	probe	synthesis	and	all	staining	
steps,	 can	 easily	 be	 scaled	 up	 and	 automated	 using	 multiwell	 plates	 and/or	 robotic	 hybridization	
platforms.	 However,	 even	 in	 sophisticated	 large-scale	 in	 situ	 screens,	 the	 final	 crucial	 steps	 of	
documenting	and	analyzing	gene	expression	patterns	are	often	limited	to	manual	annotation	of	2D	images	
acquired	from	a	few	standard	views	(Antin	et	al.,	2014,	Quiring	et	al.,	2004).	This	is	due	to	the	challenges	
of	 rapidly	 imaging	 complex	 gene	 expression	 patterns	 in	 3D	 at	 high-resolution,	 accurately	 registering	
numerous	markers	across	thousands	(or	more)	of	samples,	and	detecting	and	quantifying	alterations	in	
mutants.	Standard	3D	imaging	modalities	[e.g.	confocal,	two-photon	(2P),	and	selective	plane	illumination	
microscopy]	 require	 expensive	 hardware	 and	 are	 restricted	 to	 fluorescent	 readouts.	 However,	 gene	
expression	 patterns	 in	 zebrafish	 and	 other	model	 organisms	 are	most	 commonly	 studied	 using	WISH	
protocols	employing	chromogenic	rather	than	fluorescent	readouts.	Once	3D	images	have	been	acquired,	
novel	computational	approaches	to	phenotyping	are	essential,	since	manual	analysis	suffers	from	human	








is	 accomplished	using	 optical	 projection	 tomography	 (OPT),	 a	 3D	 imaging	 technique	operating	on	 the	
same	principle	as	X-ray	computed	tomography	but	utilizing	visible	radiation	instead	of	X-rays	(Reynaud,	
2013,	Sharpe	et	al.,	2002).	OPT	is	capable	of	 imaging	both	absorption	of	transmitted	light	and	emitted	












or	 triple-labeling	 experiments.	 For	 a	 20-probe	 WISH	 library,	 this	 means	 that	 all	 unique	 3-probe	
combinations	can	be	analyzed	by	performing	just	20	single-label	in	situ	hybridizations	rather	than	1,140	
triple-label	hybridizations.	Our	new	high-throughput	OPT	system	can	be	assembled	inexpensively	using	



















function	 allele	 (Jeong	et	 al.,	 2006).	 In	 contrast	 to	 knockout	mice,	where	 fezf2	 defects	 are	 seen	 in	 the	
glutamatergic	projection	neurons	of	the	telencephalon-derived	neocortex,	early	developmental	deficits	





























We	 have	 previously	 demonstrated	 a	 high-throughput	 OPT	 platform	 for	 rapid	 3D	 imaging	 of	 non-
embedded	zebrafish	embryos	at	micrometer	resolution	(Pardo-Martin	et	al.,	2013,	Pardo-Martin	et	al.,	
2010).	Because	formaldehyde	fixation	renders	normally	transparent	zebrafish	embryos	optically	dense,	
high-resolution	 OPT	 requires	 tissue	 clearing	 techniques	 to	 reduce	 light	 scattering	 and	 maximize	
transparency.	 In	 our	 previous	 publication,	 clearing	was	 achieved	 using	 a	 trypsin	 solution	 on	 embryos	
stained	with	the	histological	dye	Alcian	blue.	Since	Alcian	blue	is	limited	to	detecting	cartilage,	we	sought	
to	make	OPT	 applicable	 to	 all	 anatomical	 structures	 or	 genes	 of	 interest	 by	 adapting	 our	 platform	 to	
embryos	 stained	 using	 chromogenic	WISH.	 This	 required	 an	 alternative	 tissue	 clearing	 technique,	 as	





















2015,	 Palenstijn	 et	 al.,	 2011)	 is	 used	 for	 the	 tomographic	 reconstruction.	 Resulting	 3D	 images	 can	be	


























Following	 registration,	 users	 can	 view	 either	 3D	 reconstructions	 of	 single	 embryos	 or	 averaged	 3D	
expression	patterns	from	multiple	embryos	stained	with	the	same	probe.	The	latter	option	compensates	
for	 biological	 variation	 and	 is	 particularly	 attractive	 for	 probes	 with	 diffuse	 or	 punctate	 expression	





We	quantified	 the	accuracy	of	our	 registration	algorithms	using	 tryptophan	hydroxylase	2	 (tph2).	 This	
probe	labels	discrete	expression	domains	in	the	epiphysis	and	the	raphe	serotonergic	neurons	and	shows	
relatively	 little	embryo-to-embryo	variation	 in	size	or	shape,	making	 it	an	 ideal	 landmark	 for	assessing	
alignment	accuracy	(Figure	2A).	We	stained	26	wild-type	embryos	from	the	same	clutch,	randomly	divided	
them	 into	 three	 groups,	 and	 independently	 registered	 each	 group	 using	 our	 algorithms.	 Both	 tph2	
expression	 domains	 were	 then	 segmented	 in	 all	 embryos	 (see	 Methods).	 In	 order	 to	 quantify	
misalignment,	we	measure	how	much	 the	 location	of	 each	domain	deviates	between	pairs	of	 aligned	
embryos	using	a	border	distance	measure	 (Tsai	et	al.,	2003).	This	 is	done	by	calculating	 the	minimum	
distance	from	each	border	voxel	of	 the	domain	segmentation	 in	the	first	embryo	to	the	border	of	 the	
same	domain	segmentation	in	the	second	embryo.	The	final	border	voxel	distance	for	an	embryo	pair	is	
the	average	of	all	minimum	distances.	We	then	compare	border	voxel	distances	from	all	pairs	within	the	
same	 registration	 group	 (intra-group)	 and	 from	 all	 pairs	 in	 different	 registration	 groups	 (inter-group)	
(Figure	2B).	Our	algorithms	produce	alignments	that	are	accurate	to	sub-cellular	scales	for	both	the	raphe	
expression	 domain	 (intra-group	 registration	 accuracy=3.5	 µm;	 inter-group	 accuracy=4.0	 µm)	 and	 the	
epiphysis	 expression	 domain	 (intra-group	 accuracy=2.3	 µm;	 inter-group	 accuracy=2.5	 µm).	 To	 further	
validate	 alignment	 accuracy,	 we	 examined	 genes	 with	 well-characterized	 co-expression	 in	 zebrafish.	
Vesicular	 monoamine	 transporter	 2	 (vmat2),	 th,	 and	 tph2	 are	 expressed	 in	 monoaminergic,	
catecholaminergic,	 and	 5-HT	 neurons	 respectively.	 In	 zebrafish,	 th	 is	 expressed	 in	 DA	 neurons	 of	 the	





expression	 (th	 and	 vmat2	 in	 DA	 clusters;	 th	 and	 tph2	 in	 the	 locus	 coeruleus	 and	 raphe	 nuclei)	 are	























The	 ability	 to	 rapidly	 image	 and	 align	 thousands	 of	WISH-stained	 embryos	 in	 3D	 enables	 automated	
phenotyping	using	unbiased	quantitative	 algorithms.	 To	demonstrate	 the	power	of	 this	 approach,	we	
performed	deep-phenotyping	on	a	 loss-of-function	mutation	 in	 the	 fezf2	 transcription	 factor,	which	 is	
essential	for	neurogenesis	in	many	organisms	(Guo	et	al.,	1999).	Phenotyping	was	done	using	a	diverse	
library	 of	 brain-specific	 riboprobes	 to	 visualize	 a	 range	 of	 progenitor	 and	 postmitotic	 populations	
throughout	 the	 brain	 (Supplementary	 File	 1).	 For	 each	 probe,	 we	 imaged	 8+	 wild-type	 and	 mutant	
embryos	at	2	and	3	dpf.	In	order	to	automatically	detect	regional	differences	in	expression,	we	developed	
an	Automated	Correlation	Analysis	framework	based	on	an	approach	used	for	group	comparisons	in	brain	
network	 studies	 (Simpson	 et	 al.,	 2013).	 Following	 registration,	 we	 calculate	 a	 Pearson	 correlation	
coefficient	between	each	wild-type	and	mutant	embryo	for	every	probe	within	all	brain	regions	based	on	
the	intensities	of	corresponding	voxels	(Goshtasby,	2012).	For	each	brain	region,	a	correlation	matrix	is	
generated	containing	 intra-group	correlations	 for	wild-types	and	mutants	and	 inter-group	correlations	
between	wild-types	and	mutants	(Figure	3A,	 right).	 If	there	 is	a	phenotypic	difference,	the	 intra-group	
correlation	is	expected	to	be	significantly	higher	than	the	inter-group	correlation.	We	used	false	discovery	
rate	(FDR)	estimation,	a	technique	for	assessing	false	positives	when	conducting	multiple	comparisons,	to	
set	 an	 appropriate	p-value	 threshold	 for	 automated	phenotyping	 (Noble,	 2009).	 To	 estimate	 FDR,	we	
compare	our	experimental	data	set	(correlation	between	wild-type	and	fezf2	mutants)	with	a	null	data	





































One	 of	 the	 phenotypic	 hotspots	 detected	 by	 Automated	 Correlation	 Analysis	 is	 in	 the	 ventral	
















For	 example,	 although	 otpb	 (a	 homeodomain	 protein	 essential	 for	 specification	 of	 subsets	 of	
neuroendocrine	 cells	 and	 DA	 neurons)	 is	 lost	 in	 the	 ventral	 posterior	 tuberculum	 and	 posterior	
hypothalamus,	 it	 remains	 largely	 unchanged	 in	 the	 anterior	 hypothalamus	 and	 other	 regions	 of	 the	
diencephalon	(Figure	4–Figure	Supplement	1D,G,H).	Similarly,	th	expression	is	significantly	reduced	in	the	
DA	clusters	of	the	ventral	posterior	tuberculum	and	hypothalamus,	with	posterior	clusters	appearing	to	












own	 expression	 either	 directly	 or	 via	 feedback	 from	 downstream	 transcriptional	 targets.	 To	 better	



















mutants	 are	 limited	 to	 a	 small	 bilateral	 cluster	 located	 between	 the	 hypothalamus	 and	 the	 ventral	
thalamus/ventral	posterior	tuberculum	(Figure	3C,4D).	Virtual	co-expression	analysis	shows	that	affected	
sst1.1	clusters	partially	overlap	with	optb	in	the	hypothalamus	and	are	either	intermingled	with	or	located	




al.,	 2013).	Although	a	previous	publication	 found	no	 sst1.1	 defects	 in	 fezf2	mutants	 (Blechman	et	 al.,	
2007),	 this	 conclusion	 was	 likely	 based	 on	 the	 strongly-expressing	 sst1.1	 clusters	 in	 the	 anterior	
hypothalamus,	which	appear	normal	in	our	analysis	(Figure	3A,C).	Changes	in	the	highly	punctate	sst1.1	


























be	driven	by	alterations	 in	3D	shape	 rather	 than	by	a	 change	 in	volume	 (Figure	5B,E;	Figure	5–Figure	





the	 GABAergic	 phenotype,	 glutamatergic	 defects	 in	 the	 telencephalon	 are	 highly	 pronounced	 when	
examined	in	slices	and	3D	segmentations	and	clearly	reflect	a	substantial	decrease	in	volume	(Figure	5C,F;	
Figure	5–Figure	Supplement	2;	Video	3).	Vglut1	expression	is	primarily	restricted	to	the	pallium,	while	





particularly	 dramatic.	 In	 addition	 to	 deficits	 in	 vglut	 genes—which	 mark	 mature	 glutamatergic	
populations—mutants	show	a	reduction	in	telencephalic	tbr1b,	a	T-box	transcription	factor	that	plays	an	
essential	role	in	specifying	glutamatergic	pyramidal	neurons	in	the	mammalian	neocortex	(Englund	et	al.,	
2005,	 Hevner	 et	 al.,	 2006)	 (Figure	 5–Figure	 Supplement	 1E,2).	 Similar	 to	 dlx5a	 and	 gad1b,	 tbr1b	
undergoes	a	slight	lateral	shift	away	from	the	telencephalic	midline	ventricle.	Our	findings	represent	the	




telencephalon	 (Figure	 3A;	 Supplementary	 File	 2).	 These	 include	 markers	 of	 multipotent	 progenitor	
subpopulations	 (aslc1a,	 Figure	 5D;	 eomesa,	 neurog1,	 zic2a,	 Figure	 5–Figure	 Supplement	 1G-I)	
(Houtmeyers	 et	 al.,	 2013,	 Wilkinson	 et	 al.,	 2013,	 Englund	 et	 al.,	 2005),	 a	 marker	 of	 astrocytic	 and	
glycinergic	differentiation	(glyt1,	Figure	5–Figure	Supplement	1C)	(Betz	et	al.,	2006),	and	a	transcription	





Figure	 Supplement	 2;	 note	 reduction	 in	 emx3	 and	 eomesa,	 Figure	 5–Figure	 Supplement	 1F,G).	
Dorsoventral	compression	 is	most	evident	 in	markers	with	strong	midline	ventricle	expression	such	as	
ascl1a	(Figure	5D).	When	loss	of	expression	occurs	it	is	particularly	pronounced	in	the	pallium,	as	seen	
when	markers	 broadly	 expressed	 in	 the	 pallium	 and	 subpallium	 (emx3,	 tbr1b)	 are	 co-registered	with	
markers	that	are	more	restricted	to	the	subpallium	(dlx5a,	gad1b)	(Figure	6B,C).	Lastly,	many	diencephalic	
expression	domains	 located	 in	close	proximity	 to	 the	 telencephalon	undergo	an	anterior/ventral	 shift.	
When	 mutant	 and	 wild-type	 expression	 patterns	 (labeled	 in	 magenta	 and	 green,	 respectively)	 are	
overlaid,	this	shift	shows	up	as	a	narrow	band	of	magenta	running	along	the	anterior/ventral	edge	of	the	
expression	domain.	This	shift	is	evident	in	gad1b	(Figure	4B,5E),	dlx5a	(Figure	5B),	ascl1a	(Figure	5D),	and	
neurog1	 (Figure	5–Figure	Supplement	1H).	Taken	together,	 these	observations	suggest	 the	size	of	 the	





type	 and	mutant	 embryos	 at	 2	 dpf.	 Using	Nissl	 staining	 to	 visualize	 brain	morphology,	we	 generated	
manual	3D	segmentations	of	the	telencephalon	based	exclusively	on	physical	landmarks	(Figure	6–Figure	
Supplement	1A).	Volume	measurements	showed	a	highly	significant	reduction	 in	overall	 telencephalic	





We	 present	 a	 platform	 and	 algorithms	 for	 rapid	 3D	 deep-phenotyping	 of	 zebrafish	 embryos	 using	
chromogenic	 WISH.	 Automated	 quantitative	 phenotyping	 approaches	 like	 this	 will	 be	 invaluable	 for	
characterizing	the	numerous	new	lines	being	developed	using	advanced	genome	editing	techniques.	3D	
datasets	are	essential	for	understanding	developmental	patterning	and	for	systems-level	analysis	of	gene	
regulatory	 networks	 and	 neural	 circuits.	 Published	 techniques	 for	 automated	 3D	 analysis	 of	 gene	
expression	 in	 zebrafish	 are	 limited	 to	 fluorescent	 readouts	 and	 optical	 sectioning	 approaches	
(Ronneberger	 et	 al.,	 2012).	 Although	 spectrally	 distinct	 fluorescent	 probes	 offer	 the	 advantage	 of	
simultaneously	visualizing	three	or	more	genes	per	sample,	they	also	require	expensive	hardware	for	3D	
imaging,	suffer	from	photobleaching,	anisotropic	resolution,	have	low	signal	intensity	relative	to	bright-





well-established,	 robust,	 inexpensive,	 and	 have	 been	 fully	 automated	 (Söll	 and	 Hauptmann,	 2015).	
Quantitative	deep-phenotyping	of	chromogenic	WISH-stained	embryos	requires:	1)	hardware	for	rapidly	





We	 show	 for	 the	 first	 time	 that	 mutants	 exhibit	 defects	 in	 glutamatergic	 neurogenesis	 in	 the	




in	 glutamatergic	development,	particularly	 in	 the	dorsal	 telencephalon.	Our	 findings	help	 to	 resolve	a	
paradox:	 although	 developmental	 expression	 of	 fezf2	 in	 the	 brain	 is	 highly	 conserved	 across	 species,	
reported	 loss-	 and	gain-of-function	phenotypes	 in	 zebrafish	and	 rodents	differ	 considerably.	 Zebrafish	
mutants	 are	 characterized	 by	 diencephalic	 deficits	 in	 DA,	 5-HT,	 and	 GABAergic	 populations,	 while	
knockout	mice	display	telencephalic	deficits	in	cortical	glutamatergic	projection	neurons.	In	mice,	ectopic	





the	 ventral	 diencephalon	 (Yang	 et	 al.,	 2012).	 Until	 now,	 no	 fezf2	 glutamatergic	 defects	 have	 been	
described	in	zebrafish,	raising	the	possibility	that	fezf2	has	assumed	novel	functions	in	the	mammalian	
telencephalon.	Based	on	our	findings,	it	seems	likely	fezf2	actually	has	a	longstanding	role	in	telencephalic	





defects	during	early	 zebrafish	development	 into	closer	agreement	with	phenotypes	described	 in	adult	




enlargement	 is	 the	 same	 constellation	 of	 phenotypes	 we	 detect	 at	 2	 dpf	 using	 deep-phenotyping,	
although	all	deficits	are	far	less	pronounced	at	this	early	stage	and	would	be	difficult	to	detect	without	






















Embryonic	 and	 adult	 zebrafish	 were	 genotyped	 using	 the	 Derived	 Cleaved	 Amplified	 Polymorphic	










Tips	 were	 transferred	 to	 96-well	 plates	 or	 PCR	 strip	 tubes	 and	 PCR-ready	 DNA	 was	 isolated	 by	
resuspending	in	10	µL	nuclease-free	water	containing	100	μg/mL	Proteinase	K	(Invitrogen,	Carlsbad,	CA),	





















































[PBST	 containing	 2%	 Sheep	 Serum	 (vol/vol)	 (Sigma-Aldrich)	 and	 2	 mg/mL	 BSA	 (Sigma-Aldrich)].	
Simultaneously,	 the	 Anti-Digoxigenin-AP,	 Fab	 fragments	 (Roche;	 RRID:AB_514497)	 are	 diluted	








and	 progress	 of	 the	 staining	 reaction	 is	 monitored	 periodically.	 Optimal	 staining	 times	 vary	
depending	on	the	probe,	the	developmental	stage,	and	the	degree	of	sample	permeabilization.	 If	






































Japan)	 and	 obtain	 3D	 reconstructions	 of	 comparable	 quality	 and	 resolution	 to	 those	 produced	 by	 a	







within	a	transparent	glass	cuvette	(#C-G-F-20, The Science Outlet, Keota, OK),	to	ensure	refractive	index	
(RI)	matching	between	the	inside	and	outside	of	the	capillary.	All	components	are	mounted	to	an	optical	
table	 or	 breadboard	 and	 the	 light	 source,	 imaging	 chamber,	 lens,	 and	 camera	 are	 aligned.	 To	 ensure	
precise	 positioning	 of	 embryos	 of	 different	 sizes	 from	 various	 developmental	 stages	 and	 to	 increase	
embryo	stability	during	rotational	imaging,	a	tapered	insertion	is	synthesized	from	index-matching	optical	
adhesive	at	the	bottom	end	of	the	capillary	(Figure	1B;	details	below).	Individual	zebrafish	embryos	are	














through	a	two-step	UV	curing	procedure.	 In	the	first	step,	 the	capillary	 filled	with	uncured	adhesive	 is	
rotated	using	a	miniature	DC	electric	motor	(#EL292-0015S,	Ajax	Scientific,	Scarborough	ON)	under	a	254	










long	 wavelength	 100-watt	 UV	 lamp	 (Blak-Ray	 B-100A,	 UVP,	 Upland,	 CA)	 is	 used	 to	 rapidly	 cure	 the	
adhesive	into	the	desired	shape.	During	this	step,	the	capillary	is	positioned	~10	cm	from	the	UV	lamp,	









resolution	 to	 visualize	WISH	 stains	 that	 label	 individual	 cells	 (e.g.	 th,	which	 labels	discrete	 cells	 in	 the	
retina).	CCD	cameras	often	have	minor	variation	in	the	pixel	response,	which	can	result	in	image	artifacts	
(Figure	 1–Figure	 Supplement	 1D).	 To	 correct	 for	 this,	we	 illuminated	 the	 camera	 using	 the	OPT	 light	
source	 with	 the	 imaging	 chamber	 removed	 from	 the	 light	 path	 to	 achieve	 uniform	 illumination	 and	






The	 orientation	 of	 the	 embryo	 in	 the	 capillary	 (head-first	 vs.	 tail-first)	 is	 automatically	 detected	 as	












for	 the	subsequent	3D	reconstruction	of	 the	entire	embryo	 (Pardo-Martin	et	al.,	2013).	Correction	 for	
non-uniform	 illumination	 across	 the	 cross-section	 of	 the	 capillary	 is	 done	 by	 first	 determining	 the	
maximum	value	for	all	pixels	in	all	rotational	frames.	Regions	containing	the	embryo	are	then	masked	out	
and	 an	 interpolation	 is	 done	 in	 the	 masked	 out	 region	 to	 create	 a	 blank	 background	 image.	 This	
background	image	is	used	as	a	baseline	to	equalize	the	illumination.	After	the	alignment,	all	color	channels	
are	independently	reconstructed	with	a	GPU	implemented	Filtered	Back	Projection	algorithm	provided	in	





processor	 standard	workstation	 and	 the	 reconstructed	 image	 has	 a	 size	 of	 512x512x512	 voxels.	 Both	








rotation,	 and	 isotropic	 scaling.	 The	 affine	 transformation	 consists	 of	 translation,	 rotation,	 scaling,	 and	
shearing.	The	B-spline	transform	is	a	deformable	transform	where	a	deformation	field	is	modelled	using	
B-splines.	 The	 deformation	 is	 achieved	 by	 moving	 the	 control	 points	 in	 a	 sparse	 regular	 grid.	 The	




The	 measure	 of	 similarity	 used	 in	 all	 registration	 is	 normalized	 correlation	 (Staring	 et	 al.,	 2010).	
Furthermore,	all	registrations	are	done	on	gradient	magnitude	images	to	emphasize	edges.	In	addition,	
all	 registrations	are	done	with	a	multi-resolution	approach	(Lester	and	Arridge,	1999).	The	registration	











further	 aligned	 in	 the	 next	 step.	 After	 the	 initial	 alignment,	 we	 perform	 a	 coarse	 registration	 with	 a	
similarity	and/or	an	affine	transform.	This	step	is	done	with	an	8×,	4×,	and	2×	downsampled	image.	This	
provides	a	good	registration	without	adding	any	deformation	to	the	sample.	The	fine	registration	is	the	
last	 step	 of	 the	 process	 (and	 is	 omitted	 in	 certain	 instances	 as	 noted)	 and	 consists	 of	 a	 deformable	









registration	 will	 be	 driven	 by	 morphology	 rather	 than	 features	 unique	 to	 any	 given	 gene	 expression	
pattern.	 An	 average	 unstained	 reference	 fish	 (URF)	 is	 then	 created	 using	 the	 registration	 workflow	
outlined	 above	 in	 combination	with	 Iterative	 Shape	 Averaging	 (ISA)	 (Rohlfing	 et	 al.,	 2001).	 The	 initial	
alignment	of	all	unstained	embryos	is	done	using	a	rigid	transform.	An	average	fish	is	then	created	from	
































affine	 registration	 to	 the	 PRF	 (which	 corresponds	 to	 the	 size	 of	 the	URF).	 Occasionally,	 an	 embryo	 is	
detected	 that	 differs	 substantially	 in	 size	 from	 both	wild-type	 and	mutant	 age-matched	 clutchmates.	












In	 order	 to	 create	 a	 custom	 3D	 anatomical	 reference	 atlas	 for	 mapping	 brain-specific	WISH	 staining	















Canada;	 RRID:SCR_002605)	 (Top	 et	 al.,	 2011,	 Top	 et	 al.,	 2010).	 Anatomical	 segmentation	 was	 done	
















U	 test	 is	used	to	assess	 if	 intra-group	correlations	 (wild-type	vs.	wild-type	and	mutant	vs.	mutant)	are	









voxels	 in	wild-types	and	mutants	 for	each	probe.	A	voxel	 is	considered	to	be	significantly	 increased	or	
decreased	if	the	p-value	from	the	Mann-Whitney	U	is	below	0.5	x	10-3.	The	Mann-Whitney	U	test	is	only	
performed	within	 brain	 regions	 that	 show	 alterations	 in	 the	 Automated	 Correlation	 Analysis	 for	 that	
particular	probe.	For	all	significant	voxels	the	average	wildtype	is	subtracted	from	the	average	mutant.	












linear)	 transforms.	Once	 it	has	been	verified	 that	 significant	differences	exist,	 it	 becomes	desirable	 to	
modify	 the	 registration	 workflow	 slightly	 prior	 to	 detailed	 2D	 and	 3D	 analysis,	 such	 that	 the	 final	







registering	 all	 wild-types	 to	 the	 average	 wild-type	 reference	 and	 all	 mutants	 to	 the	 average	 mutant	














multiple	 embryos	 (Figure	 6A,	 Figure	 6–Figure	 Supplement	 1A)	 we	 use	 an	 algorithm	 that	 compares	
collections	of	segmentations	and	computes	a	probabilistic	estimate	of	the	true	segmentation	(Warfield	et	




Core	 source	 code	 for	 image	 reconstruction	 and	 registration	 (https://github.com/aallalou/OPT-InSitu-
Toolbox)	(Allalou,	2017),	along	with	brain	atlases	(Source	code	1)	and	sample	data	files	(Source	code	2),	
are	 available	 online.	 The	major	 part	 of	 the	 code	 is	 written	 in	MATLAB.	 The	 open	 source	 registration	
toolbox	elastix	 (Klein	et	al.,	2010,	Shamonin	et	al.,	2013)	 is	used	for	registration	and	must	be	 installed	
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lens,	 and	 5)	 a	 programmable	 progressive	 scan	 CCD	 camera	 (1	 megapixel,	 120	 fps).	 (B)	 The	 imaging	
chamber	consists	of	an	upper	hollow	shaft	stepper	motor	run	by	5-phase	microstepping	drivers	and	a	
lower	transparent	glass	cuvette.	The	stepper	motor	holds	and	rotates	an	aluminosilicate	glass	capillary	




















embryos	 from	 separate	 registration	 groups.	 The	 position	 and	 orientation	 of	 each	 2D	 slice	 within	 the	
embryo	is	indicated	on	the	Nissl-stained	two	photon	reference	image	to	the	right.	Anterior	is	to	the	top.	
(B)	Registration	accuracy	was	quantified	by	manually	segmenting	tph2	expression	domains	 in	all	 three	





25th	 and	 75th	 percentiles	 of	 the	 samples,	 respectively.	 Whiskers	 are	 drawn	 from	 the	 ends	 of	 the	
interquartile	ranges	to	the	furthest	observations	that	fall	within	±1.5	times	the	interquartile	range	away	
from	the	top	or	bottom	of	the	box.	The	line	in	the	middle	of	each	box	is	the	sample	median.	Observations	
beyond	 the	 whisker	 length	 are	 marked	 as	 outliers	 (+	 sign).	 (C)	 Virtual	 co-registration	 of	 vesicular	
monoamine	transporter	2	(vmat2),	tyrosine	hydroxylase	(th),	and	tryptophan	hydroxylase	2	(tph2)	in	wild-












(A)	 Right:	 alterations	 in	 the	 expression	 of	 individual	 probes	 can	 be	 detected	 using	 a	 correlation-
significance	analysis	approach.	For	each	brain	region,	all	wild-type	embryos	are	compared	with	each	other	
and	 with	 all	 mutant	 embryos,	 creating	 a	 correlation	 matrix.	 The	 Pearson	 correlation	 coefficient	 is	
calculated	for	each	embryo	pair	based	on	the	intensities	of	corresponding	voxels.	For	probes	with	altered	
expression	patterns	in	fezf2	mutants,	correlation	within	groups	(i.e.	wild-type	vs.	wild-type	and	mutant	
vs.	 mutant)	 is	 significantly	 greater	 than	 correlation	 between	 groups.	 Scatterplots	 to	 the	 right	 of	 the	
correlation	matrix	 illustrate	embryo	pairs	with	correlated	(red;	r	=	0.9)	and	uncorrelated	(blue;	r	=	0.5)	








and	 mutants	 for	 each	 probe	 within	 each	 affected	 brain	 region.	 Summing	 the	 absolute	 value	 of	 the	
significant	differences	for	all	probes	highlights	areas	which	are	most	altered	in	fezf2	mutants.	Aggregate	
difference	images	are	shown	at	2	and	3	dpf	in	lateral	(upper	panels),	dorsal	(middle	panels),	and	anterior	
(lower	 panels)	 views.	 Telencephalon,	 t;	 ventral	 diencephalon,	 vd.	 (C)	 Significance	 analysis	 overlaid	 on	
maximum	Intensity	Projections	(MIPs).	MIPs	have	been	color	coded	to	highlight	all	regions	in	which	the	
expression	of	a	given	probe	is	significantly	reduced	(cyan)	or	increased	(magenta)	in	mutant	embryos	(p	<	
















registration	 showing	 loss	 of	otpb,	 th,	 and	 vmat2	 expression	 domains	 in	 the	 ventral	 diencephalon.	 (F)	
Virtual	 co-registration	 showing	 spatial	 relationships	 between	 affected	 fezf2,	 th,	 and	 otpb	 expression	
domains	in	the	posterior	hypothalamus.	(A-F)	All	3D	reconstructions	are	generated	by	averaging	8	or	more	
embryos	 per	 experimental	 group.	 The	 position	 and	 orientation	 of	 each	 2D	 slice	within	 the	 embryo	 is	










th	 is	 largely	 unaffected	 in	 dopaminergic	 (DA)	 clusters	 of	 the	 telencephalon.	 (B)	 Expression	 of	 the	
GABAergic	marker	dlx5a	is	shifted	ventrally	in	the	diencephalon	(arrow)	and	is	away	from	the	midline	in	
the	telencephalon	(asterisk),	but	is	not	significantly	reduced.	(C)	Expression	of	the	glutamatergic	marker	
vglut1	 is	 substantially	 reduced	 in	 the	 telencephalon	 (arrow).	 (D)	 Expression	 of	 the	 progenitor	marker	
ascl1a	 is	 shifted	 ventrally	 (arrow)	 and	 compressed	 along	 the	 dorsoventral	 axis	 of	 the	 telencephalic	
midline.	(E)	Expression	of	the	GABAergic	marker	gad1b	 is	shifted	ventrally	 in	the	diencephalon	(arrow)	
and	is	away	from	the	midline	in	the	telencephalon	(asterisk),	but	is	not	significantly	reduced.	(F)	Expression	











wild-type	 (green)	 and	 fezf2	 mutant	 (magenta)	 embryos	 at	 2	 dpf.	 3D	 segmentations	 are	 done	
independently	 on	 8	 or	 more	 embryos	 per	 experimental	 group;	 averaged	 wild-type	 and	 mutant	
segmentations	are	shown.	Position	of	3D	segmentations	is	indicated	on	maximum	intensity	projections.	
Box-and-whisker	 plots	 show	 volume	 measurements	 from	 3D	 segmentations	 of	 the	 indicated	 probes	
within	the	telencephalon.	Tops	and	bottoms	of	each	box	represent	the	25th	and	75th	percentiles	of	the	
samples,	 respectively.	Whiskers	 are	 drawn	 from	 the	 ends	 of	 the	 interquartile	 ranges	 to	 the	 furthest	
observations	that	fall	within	±1.5	times	the	interquartile	range	away	from	the	top	or	bottom	of	the	box.	
The	 line	 in	the	middle	of	each	box	 is	 the	sample	median.	Observations	beyond	the	whisker	 length	are	















protected	 from	the	UV	 light	by	an	opaque	shield.	 (C)	A	syringe	 is	attached	to	 the	proximal	end	of	 the	
capillary	and	air	is	pumped	through	it	at	a	rate	of	20	mL	per	second.	Simultaneously,	long	wavelength	UV	































transform.	 (B)	The	 individual	wild-type	embryo	with	 the	highest	correlation	 (max	corr)	 to	 the	B-spline	
average	is	chosen	as	the	PRF.	The	PRF	is	aligned	to	the	unstained	reference	fish	(URF)	and	thereby	to	the	
anatomical	brain	atlas	with	rigid	and	affine	transforms	in	the	blue	channel.	(C)	All	wild-type	and	mutant	






















Surface	 renderings	 of	 all	 regions	 in	 the	 2	 dpf	 (top)	 and	 3	 dpf	 (bottom)	 3D	 anatomical	 zebrafish	brain	



















genetically	 wild-type	 or	 heterozygous	 for	 the	 fezf2	 mutation)	 per	 probe,	 is	 used	 to	 define	 the	 false	
discovery	 rate	 (FDR)	 for	 Automated	 Correlation	 Analysis	 over	 a	 range	 of	 thresholds.	 Following	 in	 situ	
staining,	negative	 control	embryos	are	 randomly	divided	 into	 two	 separate	groups	and	analyzed	as	 in	
Figure	3A.	We	then	evaluate	significance	thresholds	(t)	ranging	from	p=10-1	to	10-8	by	counting	the	number	
of	experimental	scores	(sexp;	i.e.	wild-types	vs.	fezf2	mutants)	≥	t	and	the	number	of	null	scores	(snull;	i.e.	
negative	 control	 group	 1	 vs.	 negative	 control	 group	 2)	 ≥	 t	 and	 calculating	 the	 FDR	 (snull/sexp).	 Both	
experimental	and	null	data	sets	comprise	418	scores	(19	in	situ	probes	analyzed	over	22	brain	regions).	
Based	 on	 this	 analysis,	 we	 chose	 p	 <	 10-5	 (red	 circle;	 FDR=0.043)	 as	 an	 appropriate	 threshold	 for	
Automated	Correlation	Analysis.	Additionally,	since	the	mean	effect	size	(ES;	Cohen’s	d)	is	<	1.0	in	the	null	





















the	 19	 in	 situ	 probes).	 Based	 on	 this	 analysis,	 we	 chose	 p	 <0.5x10-3	 (red	 circle;	 FDR=0.004)	 as	 an	
appropriate	threshold	for	voxelwise	analysis.	(B)	MIPs	for	the	first	five	in	situ	probes	in	our	library	have	














dopaminergic	 (DA)	 clusters	 of	 the	 ventral	 diencephalon,	 with	 posterior	 clusters	 (open	 arrowheads)	
appearing	 to	 be	 more	 strongly	 affected	 than	 anterior	 clusters	 (arrows).	 (D)	 Expression	 of	 the	 otpb	
transcription	factor	is	lost	in	the	ventral	posterior	tuberculum	and	posterior	hypothalamus	(arrows)	but	



















Wild-type	 expression	 patterns	 are	 shown	 in	 green	 and	 fezf2	 mutants	 are	 shown	 in	 magenta.	 All	 3D	
reconstructions	are	generated	by	averaging	8	or	more	embryos	per	experimental	group.	The	position	and	







Telencephalic	 expression	of	 the	GABAergic	marker	gad1b	 undergoes	 a	 shift	 away	 from	 the	midline	 in	
mutant	embryos	(asterisk)	but	is	not	significantly	reduced.	(E)	Expression	of	tbr1b,	a	transcription	factor	
that	plays	 an	essential	 role	 in	 specifying	glutamatergic	pyramidal	neurons,	 is	 significantly	 reduced.	 (F)	























(A)	 3D	 segmentations	of	 the	 telencephalon	 in	2	dpf	Nissl-stained	embryos.	 Six	wild-type	and	 six	 fezf2	
mutant	 embryos	 from	 the	 same	 clutch	 were	 imaged	 using	 two-photon	 excitation	 microscopy	 and	
segmented	manually	based	on	anatomical	 landmarks.	Averaged	3D	 segmentations	are	 shown	 in	 front	
(top)	and	side	(bottom)	view.	Dorsal	is	to	the	top.	(B)	Box-and-whisker	plots	showing	results	of	volume	
measurements	 from	 3D	 segmentations.	 Tops	 and	 bottoms	 of	 each	 box	 represent	 the	 25th	 and	 75th	
percentiles	of	the	samples,	respectively.	Whiskers	are	drawn	from	the	ends	of	the	interquartile	ranges	to	











Video	2:	3D	visualization	of	aggregate	difference	 imaging	at	2	days	post	 fertilization.	Voxel	 intensity	
difference	is	calculated	between	wild-types	and	fezf2	mutants	for	each	probe	within	each	affected	brain	


















These	 images	 serve	 as	 a	 test	 dataset	 for	 our	 registration	 source	 code.	 Source	 code	 for	 both	 OPT	












Supplementary	 File	 2:	 Significance	 analysis	 overlaid	on	maximum	 Intensity	projections	 (MIPs).	MIPs	
have	been	color	coded	to	highlight	all	 regions	 in	which	the	expression	of	a	given	probe	 is	significantly	
reduced	(cyan)	or	increased	(magenta)	in	mutant	embryos	(p	<	0.5	x	10-3).	Significant	intensity	differences	
between	mutants	 and	wild-types	was	 determined	 by	 performing	 a	Mann-Whitney	U-test	 to	 compare	
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